Foveai 41iscri~tion thresholds were measured for orientation, vernier alignment, bisection, displacemem dettgtioa ami stefeosa~c acuity using simple line stimuli and also sinusoidal grating patches with gamn ~ ~ (~ stimuli). Stimulus parameters such as luminance, exposure duration, component separation and, as far as possible, length were identical for both. Oric~tation discrimination as a function of length is almost identical for the two classes of stimuli, some ~¢t's l~rlorming slightly better with Gabor patches. Thresholds for disiflaomteat detection are also the same. Vernier, stereo and bisection aculties, however, are considerable better with iiae than with Gabor stimuli.
INTRODUCTION
Sinusoidal functions with gaussian amplitude profiles became prominent firs'L in quantum theory where they were called wave packets (Dirac, 1947) . They were also used by Gabor in an early effort to quantify information (Gabor, 1946) . In attempts to reconcile the Fourier theory of vision, according to which sinusoidal gratings are the basis functions of vision, with the anatomical and physiological facts that processing of visual signals in the retina and early cortical stages is predominantly local, the stratagem is widely employed to give spatial limits to gratings by imposing on them a gaussian intensity envelope. This approach gained strength with the study by Watson, Barlow, and Robson (1983) , who reported that such stimuli have the best quantum efficiency for detection.
Grating targets extend widely (in the Fourier theory infinitely) in space; reciprocally, sharp lines have an extended Fourier (spatial frequency) representation. Because Gabor functions have the property of being delimited both in the space and spatial frequency domains (Brillouin, 1962) , they are often thought to be ideal probes for the visual system and are widely employed in neurophysiological, psychophysical and clinical studies. It is, however, far from obvious that distributed patterns devoid of sharp contours would be the most effective stimuli in tasks of precise spatial localization. Accordingly, a careful set of experiments was performed to compare some spatial visual thresholds using broadly equivalent line and Gabor stimuli.
METHODS
The method of constant stimuli was employed throughout where, in runs of 150 presentations 2 sec apart, the observers were shown at random one of a set of seven patterns which covered the stimulus range in equal steps. For example, in the vernier experiment, two vertically oriented pattern elements (lines or Gabor patches) were presented either vertically aligned, or offset orthogonally by one, two or three distance modules in either direction. Observers had to make a binary judgment, for example, was the top element to the right or the left of the bottom? and the psychometric curve of responses vs stimulus value was analyzed by the method of probits. The threshold was identified as half the distance in the stimulus dimension between 25% and 75% positive responses. Each data point in this paper is based on at least two runs of 150 responses obtained on at least 2 days. No error signals were provided.
Viewing was binocular with refractive correction, if necessary, in a dimly lit room. For orientation discrimination, a head and chin rest was employed. In the orientation discrimination experiments, the patterns were at or near the horizontal and were seen on a circular background 2 deg in diameter. Stimuli were shown on a uniform background whose luminance was usually about 20 cd/m 2. Gabor stimuli were presented with Michelson contrast of 1.0, i.e., the bright center had twice the background's luminance. Line stimuli seen on the uniform background could be either black, which would also give them a Michelson contrast of 1.0, or white (40 cd/m2), when the Michelson contrast would be 0.33.
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This did not make any appreciably difference in the results.
Stimuli were displayed on a high-resolution SVGA monitor (SONY 15sflI Trinitron) under computer control (166 MHz Pentium), using a Matrox Millenium video board. The 25 × 20 cm monitor area was partitioned into 1024 × 768 pixels, each with 256 intensity steps. Only gray levels were used. Luminances were measured with a Minolta LSll0 luminance meter. The intensity scaling was not strictly linear, but the line stimuli were very precisely located and the Gabor patches' smooth gradients and conformity to the mathematical functions were well within the tolerance demanded by any visual theory. An antialiasing program permitted smooth lines to be drawn in orientation steps as low as 0.5 deg. Observation distance was between 4 and 5.5 m to secure the spatial resolution down to 12 arcsec/pixel necessary in most of the experiments. In some observers, lineorientation discrimination was measured also on an HP1345 vector monitor.
Parameters of the Gabor stimuli were chosen to match those used in contemporary vision research (Field, Hayes, & Hess, 1993; Kovacs & Julesz, 1994; Polat & Sagi, 1994) but there is considerable latitude about the exact values, just as the line length in vernier, bisection, stereo and displacement acuity experiments is not really critical (see, for example, Levi & Klein, 1992 for a study on spatial interval discrimination with Gabor-like stimuli). Gabor patterns were generated by calculating and setting the intensity step in each pixel position, using a program whose input are the following ten parameters: coordinates of pattern center, height and width of patch, orientation, period, phase and amplitude of sine wave, and standard deviations of the gaussian envelope in the directions along and orthogonal to the sine wave. In general, the Gabor patches were generated on-line in the 2-sec intervals between stimulus presentations. In the stereo program, the seven patterns were generated at the outset in higher pages of the 8 Mbyte video memory; alternate frames were shown to the two eyes and separation achieved by NuVision LCD goggles. Though the rejection ratio of this device is in the vicinity of 10%, ambient illumination, emphasis of the blue phosphor, and almost total overlap of the spatial positions of the right and left eyes' stimuli minimized the problem of ghosts and allowed disparity thresholds of less than 10 arcsec. All Gabor patches were cosinusoidal with a bright central band. Programming and calibration were performed by the author.
Observers included the author, several colleagues and three undergraduate students. All were skilled in the task but each experiment included at least one who was naive as to the problem formulation. Fragmentary data on several observers obtained in earlier trial experiments are not included in detail, but in each case they confirmed the documented findings.
RESULTS
Orientation discrimination thresholds were obtained for lines and Gabor patches, with the pattern length as the parameter. Lines were 3 arcmin wide, black on a gray background and presented for 300 msec. Gabor patches had 6 arcmin wavelength, amplitude of 1.0, a gaussian envelope of 6 arcmin standard deviation in the direction orthogonal to that of the grating and also 300 msec duration. The data in Fig. 1 were plotted using as the length parameter the distance equal to three times the standard deviation of the envelope in the direction of the grating lines, where the amplitude has decreased to approx. 10% of that in the middle of the patch. There is obviously some latitude of what is regarded as equivalent length in the two cases; it depends on how well the observer can integrate grating patches with low contrast and this is probably the reason for the difference in asymptoting for the two classes of stimuli in different observers. However, taken overall, Fig. 1 shows that although some observers can discriminate the orientation of Gabor patches slightly better, there is no major difference between the two stimuli in this task.
The next experiment was the determination of the minimum vertical displacement of a horizontally orientated pattern (i.e., orthogonal to its length) whose direction (up or down) could be correctly identified. Gabor patches again had wavelength 6 arcmin, full contrast, gaussian envelopes with standard deviation of 6 arcmin orthogonal to and 18 arcmin along the grating direction. The lines were 30 arcmin long, black and 2 arcmin wide. The stimuli were presented for 1 sec, and at the 1/2 see moment were suddenly displaced randomly up or down by 0, 1, 2 or 3 pixels. Figure 2 shows that the jump displacement threshold is about the same for the two stimuli.
Vernier experiments, in the sense of the detection of the misalignment of two abutting line segments, cannot be performed with Gabor stimuli because by definition they end diffusely. There is, however, a tradition of finding the vernier acuity of separated targets; thresholds progressively increase with gap size. To secure equivalence between Gabor and line stimuli, the centers of the vertically oriented and arrayed patterns were both set 25 arcmin apart. Lines were white on the gray background and 16 arcmin long.
Gabor patches had wavelength 6 arcmin, full contrast, and a circular gaussian envelope with 6 arcmin standard deviation. The inner ends of the line stimuli were thus 9 arcmin apart. Gabor stimuli taper to 10% amplitude at a distance of about 1.5-times and to 5% at about 1.74-times the gaussian envelope, so that their inner separation for a 10% contrast was about 7 arcmin, and for 5% contrast about 4 arcmin. Because vernier thresholds rise with increasing separation, these parameters would, if anything, favor the Gabor stimuli. Yet, as is seen in Fig. 3 , vernier thresholds for lines are much superior to those for Gabor patches. Both stimuli were exposed for 300 msec.
The bisection experiments featured three horizontal patterns, whose centers were 30 arcmin apart vertically. The lines were 36 arcmin long, 2 arcmin wide, and black on a uniform background. The Gabor patches had . Disparity discrimination thresholds. Three vertical pattern elements, 38 arcmin apart horizontally. Lines were white, 2 arcmin wide and 12 arcmin high. Gabor patches had 6 min arc wavelength, full contrast and a gaussian envelope with 6 arcmin horizontal and 12 arcmin vertical standard deviation. Exposure duration 1.1 sec.
6 arcmin wavelength, full contrast, a gaussian envelope with standard deviation of 6 arcmin in the vertical direction and 12 arcmin in the horizontal direction. This means that the grating length measured 24 arcmin from the 37% amplitude point on one side of the center to the 37% point on the other, and 72 arcmin for an equivalent distance to the 10% amplitude points. Exposure duration was 500msec. The thresholds indicate the vertical displacement of the middle element at which the observer could correctly identify the direction of the bisection error on 75% of occasions. Figure 4 shows that for this task also, line stimuli are superior to Gabor patches. The final experiment involved the measurement of stereoacuity. There were three vertical patterns, 38 arcmin apart horizontally. The middle one would appear randomly with 0, 1, 2, or 3 pixels of crossed or uncrossed disparity and the observer had to judge whether it appeared in front of, or behind, the outer two. Exposure duration was 1.1 sec. Lines were white and 12 arcmin high. Gabor patches had 6 arcmin wavelength, full contrast, gaussian envelopes of 6 arcmin standard deviation horizontally and 12 arcmin vertically. In Fig. 5 it is clearly shown that stereoscopic acuity is severely impaired when Gabor stimuli are used instead of lines, a result which conforms with an earlier report (Westheimer & McKee, 1980 ) that any spatial filtering of retinal image is detrimental to disparity processing.
DISCUSSION
For a time it was popular to use "Mexican Hat" or difference-of-gaussian (DOG) intensity profiles for visual stimulation (e.g., Wilson & Bergen, 1979 ). An early suggestion by Kelly (1960) to use Bessel function profiles was never taken up. These patterns match the center/ surround organization of the retina rather well and might be expected to be the most efficient for detecting contrast changes. Of course, when there is no background, one cannot give a surround with reverse contrast, but then the surround inhibition in retinal ganglion ceils is also absent. As soon as signals reach the second-level neurons in the primate primary cortex, there is a profound component of processing along lines of orientation (the first neurons are monocular and do not have oriented receptive fields) and in this domain also there is some spatial opponency. It is, therefore, a reasonable proposition that the minimum perceptible disturbance have an intensity profile that matches the spatial acceptance pattern of the neurons. Gabor patches might be expected to fulfill this function in the cortex as well as difference-of-gaussians do in the retina.
A clear distinction can, however, be drawn between the process of detecting the presence of a stimulus and the process of using above-threshold stimuli as markers in the act of localizing, i.e., of establishing spatial relations between pattern elements in the interest of object recognition. In both, the ideal stimulus is one for which the least disturbance yields a perceived change, i.e., the one with the lowest threshold. But for one case the change is in the domain of brightness, for the other, in the domain of position, And the best intensity profile need not, indeed is unlikely to, be the same for both.
If one approaches the subject from the point of view of "filters", i.e., input units with defined receptive fields responding in a more or less linear manner, it matters whether a stimulus matches the receptive field because the greater the mismatch between a particular pattern and the filter, the less it will act as a stimulus. The results described herein are, therefore, relevant to theories postulating Gabor-like filters: since lines would not excite such filters very well, they should show poorer thresholds. It is, of course, always possible to work with the proposition that there is a population of filters with a range of critical spati~d parameters. Linear systems theory does not go very far in vision research, but simple calculation shows that dark or white lines, 2 or 3 arcmin wide as were used here, would yield only a tiny output when seen through a Gabor filter with typical values of a few arcmin spatial frequency and gaussian envelope. In the face of the current observations it would, therefore, present quite a challenge to develop a theory of spatial localization based on an ensemble of Gabor filters.
The results of this study reveal that whatever advantages Gabor patches might have where the task is the detection of the presence of a visual stimulus, when it comes to establishing accurate spatial relationships, simple line stimuli are much more effective in some tasks (vernier, bisection, stereo) and more or less equivalent in others (displacement detection and orientation discrimination).
